This paper presents a new method for in situ tuning of acoustic sensitivity in micro-electro-mechanical-system (MEMS) microphones using silver metallic nano-electrodeposits. The nano-electrodeposits are electrochemically formed using an external dc bias under low power and at room temperature on an Ag-doped Ge 30 Se 70 solid electrolyte film integrated with the microphone diaphragm. The growth/retraction mechanism generates mass/stress redistribution on the diaphragm and this effect is used to manipulate microphone sensitivity to incoming acoustic waves. Acoustic measurements with a reference microspeaker demonstrate that the microphone can achieve a tuning range of 0.6 dB (7.2%). This technique is useful for a variety of microdevice applications, including sensitivity matching for directional microphones (e.g., in hearing aids), post-package trimming and resonant frequency tuning.
Introduction
The ability to help hearing aid wearers differentiate specific sounds within an ambient noise field is a key feature in modern hearing aids. This feature requires precision microphone tuning within the hearing aid.
Typically, directional hearing aids have two acoustically matched, omni-directional microphones that achieve directionality by providing uniform sound sensitivity to acoustic input. As a result, hearing aid wearers can differentiate sounds from different directions and are therefore able to better communicate in noisy environments. The challenge is that these microphones must be matched precisely; even a small acoustic sensitivity mismatch can completely destroy directionality [1, 2] . In order to resolve this issue, hearing aid manufacturers match microphones via manual adjustments. The manual matching technique calibrates and matches microphones to achieve directionality but operational or manufacturing costs are substantial [3] . Furthermore, the manual matching technique requires additional matching steps after the hearing aids are fitted in the patient's ear canal [4] .
Past research and development to improve directionality has focused primarily on software calibration to reduce noise, including microphone matching and noise reduction algorithms, and second-order directional microphones to further reduce noise [5] [6] [7] .
Software-based electronic matching also has limitations. These techniques require complex circuitry, consume considerable power, and subsequently increase the overall cost while reducing battery life. Several mechanical tuning techniques have been reported for MEMS devices and most were for resonant frequency shift applications [8] [9] [10] . Table 1 summarizes reported mechanical tuning techniques for MEMS devices along with our current technique. Most MEMS tuning devices are for frequency tuning, with a tuning range of 1.96-15.5%. Joachim et al [8] and Jun et al [9] reported tuning techniques by resistive heating, and Enderling et al deposited platinum by focused ion beam to tune a micro-resonator [10] . These techniques require quiescent power consumption and highly controlled environments, including high temperatures and specific gas mixtures, and are both irreversible and costly.
This paper introduces our low-cost mechanical tuning method with which we can improve both the manufacture and the 'personalized fit' of directional hearing aids. We present an in situ technique for tuning the sensitivity of capacitive MEMS microphones using integrated nano-electrodeposit growth on a solid electrolyte to achieve directionality. The tuning process is reversible, non-volatile, low-power and operates at room temperature. The technique is compatible with most existing MEMS fabrication processes, and has potential applications not only in microdevice sensitivity matching, but also in general post-package trimming and resonant frequency alteration applications.
The following sections explain the technology and method in detail. Section 2 presents the design and fabrication process of a prototype MEMS microphone. Section 3 describes the operating principle of the silver nano-electrodeposits as the tuning technique.
Section 4 describes testing methods including optical profilometry and the custom-made electronics, including a capacitance-to-voltage converter. Section 5 characterizes the tunable MEMS microphone, and section 6 provides concluding remarks.
Design and fabrication of prototype microphone

Design concept: MEMS microphone with integrated nano-electrodeposits
Figures 1(a) and (b) illustrate the sensitivity-tunable MEMS microphone integrated with an Ag-Ge-Se film on a parylene diaphragm. There are three major parts: a multi-layered diaphragm, top/bottom electrodes that produce and detect capacitance changes, and anode (silver)/cathode (nickel) electrodes that are used to grow/retract the metal nanoelectrodeposits on the solid electrolyte layer. The air gap between the top and bottom electrodes is 1 μm, defined by a SiO 2 sacrificial layer. The diaphragm is made of parylene and has a thin, heavily Ag-doped Ge 30 Se 70 solid electrolyte film. The electrochemically formed silver nanoelectrodeposits grow from the nickel cathode electrode toward the silver anode electrode upon application of an external bias.
Fabrication of the integrated capacitive microphone
The fabrication process for integrating the capacitive microphone with the nano-electrodeposit is illustrated in figures 2(a)-(f ).
The seven-mask process includes evaporation of the Ag-doped Ge 30 Se 70 solid electrolyte on the parylene diaphragm suspended over a silicon substrate. C-type parylene is used for the diaphragm because of its excellent electrical and mechanical properties. All metal patterning is performed by lift-off. (a) The suspended diaphragm has two layers of parylene. The first parylene layer (3000Å thick) is coated on a 1 μm thick sacrificial oxide layer on the silicon wafer to provide electrical isolation between the top and bottom electrodes. The parylene layer is etched in an oxygen plasma for 1. [11] . (c) Immediately after the deposition of the bilayer, photo-dissolution using UV exposure for 15 min diffuses silver into the Ge 30 Se 70 layer to form the solid electrolyte [12] . The UV light triggers formation of charged defects that react with silver; this results in a superionic Ag-Se phase formation within the film [13] . (d) The anode (silver) and cathode (nickel) are separately evaporated and patterned on the diaphragm. (e) The bottom electrode is formed by removing the 1 μm thick oxide by buffered oxide etchant for 50 min, and Cr/Au metal films are evaporated and patterned to access the silicon substrate. (f) Finally, the diaphragm is defined by deep reactive ion etch (DRIE, STS Inc.) from the back side of the silicon wafer at an etch rate of 3 μm min −1 . We used a standard SF 6 /C 4 F 8 alternating etch process (12 s/8 s, 130 sccm/85 sccm) and 800 W/10 W coil/platen powers, respectively. The selectivity of the etch to a photoresist surface mask is 50-100. The diaphragm is then released by using concentrated hydrofluoric acid for 15 min to remove the 1 μm sacrificial oxide layer.
The fabricated prototype microphone with a Ag-doped Ge 30 Se 70 solid electrolyte is shown in figure 3 (a). Figure 3 (b) shows electrochemically grown silver from the cathode tip toward the anode tip on the parylene diaphragm by applying a dc bias. The DRIE-formed back plate ( figure 3(c) ) is approximately 25% perforated [14] .
Silver nano-electrodeposits
Nanoscale electrodeposit formation has been used in various applications, including storage cells in solid-state memory and liquid control valves in microfluidic channels [15] [16] [17] . The nanoscale electrodeposits are similar to electrodeposition in liquid electrolyte, but instead utilize a thin, solid-state electrolyte layer as illustrated in figure 4(a) [19] . An oxidizable metal electrode (anode) and an electrochemically inert electrode (cathode) are formed on the solid electrolyte film. During the oxidation process, an electron is separated from an atom, creating an ion. These charged ions move in the solid electrolyte driven by the electric field supplied by an external power source. A transported ion is then reduced, becoming an atom at the cathode. Accordingly, the number of atoms electrodeposited by the reduction of ions corresponds to the number of electrons that take part in the process [20] . An ion current only flows in an electrolyte if an oxidizable electrode is made positive with respect to an opposing electrode and sufficient bias is applied.
All reactions are reversible, non-volatile and performed at room temperature, so there is no quiescent power consumption following electrodeposit growth or retraction. If the MEMS device is electrochemically asymmetric, with an oxidizable silver electrode and an inert nickel electrode, the deposition process is reversible by switching the polarity of the applied bias [20, 21] and the nano-electrodeposits will dissolve via oxidation. During nano-electrodeposit dissolution, charge/ mass balance is maintained by redepositing metal back onto the original source electrode. Once the nano-electrodeposits have been completely dissolved, the process self-terminates. Figure 4 (b) shows SEM micrographs of fully grown silver nano-electrodeposits from a cathode (nickel) tip on the parylene diaphragm. The morphology of the silver electrodeposits is not strongly related to the size/shape of the nickel tip (the electrolyte composition has a larger influence on the morphology [22] ), however, the strong electric field created by the tip causes the growth to be localized in a single dendritic structure. Figure 4(c) is an optical image of the grown silver nano-electrodeposits, and shows that the measured height of the silver nano-electrodeposits is 90 nm. The lateral arrangement of two electrodes is to alter the physical properties of the surface of the diaphragm. The grown nano-electrodeposits are dendritic in nature, branching out laterally as they grow toward the anode. The growth is a function of the bias voltage and duration of the applied bias. The localized growth changes physical properties of the suspended parylene diaphragm, including the mass and stress of the diaphragm. Characterization of the microphone integrated with nano-electrodeposits is provided in detail in section 5.
Characterization methods and setups
Optical profilometer
For the optical measurement, we used a Veeco NT9800 optical profilometer, which offers non-contact and 3D measurements with 1Å resolution [23] . The displacements are monitored simultaneously upon nano-electrodeposit growth and retraction by static measurements at room temperature. Residual diaphragm stress and initial displacement due to gravity are calibrated as zero, and the displacement across the diaphragm is observed upon growth and retraction of the nano-electrodeposits. The response of the circuit shows both high-and lowfrequency losses. The low-frequency response of the circuit is limited by charge retention in the bias resistor. When the RC time constant is the same order of magnitude as the signal period, voltage discharge across the bias resistor dominates the circuit loss. The low-frequency cutoff can be improved by using a larger resistor; however, doing so reduces the gain of the circuit. The 100 M bias resistor balances the circuit bandwidth and peak output. At very high frequencies, the loss results from signal leakage as displacement current through the microphone. Individual circuit components are listed and described in table 2. coupling between the microspeaker and the readout circuit amplifier. Additionally, the amplitude of the harmonics varies directly with the proximity of the microspeaker to the readout circuit amplifier. Soldering a grounded copper shield to the readout circuit PCB over the amplifier eliminates this coupling so that the harmonics are no longer visible ( figure 6(b) ).
Readout electronics
Acoustic testing setup
Results and discussion
In order to verify the effect of the nano-electrodeposits on the suspended parylene diaphragm during growth and retraction, we performed optical and acoustic characterizations. The optical characterization provides the diaphragm displacement due to operational parameters such as external dc bias and power for nano-electrodeposit growth while the acoustic characterization shows acoustic sensitivity change upon nanoelectrodeposit growth through the readout circuit. Figure 7 (a) shows the displacement at the center of the diaphragm upon growth as a dc bias voltage. dc voltages from 3 to 10 V are applied for 2 min to grow the nanoelectrodeposits. The diaphragm displacement is proportional to the external dc bias on the anode/cathode electrodes with a regression (R 2 ) of 0.9697. As the bias increases to 10 V, the nano-electrodeposits grow rapidly and consequently the diaphragm displacement drastically increases. Figure 7 (b) shows the displacement versus applied power upon 3 V bias voltage during the nano-electrodeposit growth. As the power increases, the diaphragm displacement increases. The maximum displacement reaches 220 nm with approximately 80 μW power consumption. Figure 8 shows an in situ diaphragm displacement as a function of the duration of the growth/retraction of the nanoelectrodeposits upon a 3 V bias voltage at the center on a 1.6 mm diameter parylene diaphragm. The measurements are from five fabricated devices, showing the differences of the individual devices from 2.0 to 21.8%. During the growth period, the center of the diaphragm displacement increases to 220 nm at 20 s. Further growth does not seem to effect the displacement. At 90 s, the retraction starts when the opposite polarity is applied on the growth/retraction electrodes, and the displacement decreases back to 50 nm from the initial diaphragm position.
This indicates 29% displacement tunability of the diaphragm. When the nano-electrodeposits are grown below a critical point, all electrodeposits are retracted and there is no obvious hysteresis phenomenon. When the nano-electrodeposits are grown beyond a critical point, however, they often cannot be fully retracted and a hysteresis effect is observed. The hysteresis is due to residual electrodeposits following retraction (note that the height of these residual electrodeposits is approximately 10 nm [24] ). We believe the silver residue causes the hysteresis curve and this implies a limitation of the proposed tuning technique, i.e., the dynamic range of the diaphragm displacement is limited to approximately 0.53% if complete reversal is required.
According to a first-order analysis, the redistributed mass of the nano-electrodeposits on the diaphragm is not a dominant factor for diaphragm displacement. In order to deflect the diaphragm by 220 nm, 5 × 10 −8 kg of silver is necessary, which corresponds to a uniform 2.4 μm thick silver film on the diaphragm. However, the height of the grown silver nano-electrodeposits is at most 90 nm (figure 4). Thus, we believe the nanoscale electrodeposited silver and associated mass redistribution cause stress of the surface and change the effective stiffness of the microphone diaphragm, and consequently its displacement. This reasoning is supported by Enderling et al who reported the fundamental resonant frequency shift of microresonators upon growth of nanoelectrodeposits [10] . The resonant frequency shift suggests that displacement is mainly caused by a stiffness effect at the early growth stage (less than 20 min) and mass effect at the later growth stage (more than 20 min). In our case, all measurements of parylene diaphragm displacement are performed for less than 60 s, again supporting the reasoning that diaphragm displacement is likely attributed from stress induced by the nano-electrodeposits. Figure 9 shows the microphone characterization using the microspeaker (FK-6260 from Knowles Electronics) acoustic inputs from 1 to 10 kHz where the microspeaker is driven by 0.5 V, corresponding to 87 dB SPL. The characterization starts with a microphone (before nano-electrodeposit tuning) whose sensitivity to the acoustic inputs is approximately 38-44 dB after 100× amplification. We then tune the microphone with a 3 V dc bias for 30 s and the sensitivity of the tuned microphone reduces by 0.6 dB. The measurement data points are from a growth time of 30 s; this is because the effect of nano-electrodeposits is saturated at approximately 30 s of growth. The 0.6 dB tuning is sufficient for enhancing directionality in hearing aids because a sensitivity mismatch of less than 3% completely destroys directionality and a hearing aid with such a mismatch would not operate properly in a noisy environment. Multiple omni-directional microphones must be matched precisely within 0.25 dB for excellent directionality at 500 Hz [2] , corresponding to a directivity index (DI) of 6.0 dB. Reducing microphone sensitivity mismatch by 0.6 dB (7.2%) results in 1.0 dB DI improvement at 3 kHz, which improves directionality from fair (more than 2.0 dB) to excellent (more than 4.5 dB). If the initial mismatch of non-tuned microphones is approximately 0.85 dB (10.2%), then tuning will reduce the mismatch to within 0.25 dB (3%). Thus, using our technique, a higher sensitivity omni-directional microphone among multiple microphones can be tuned to reduce the mismatch to satisfy the required DI. This unique, low-cost and low-power technique benefits a hearing aid wearer's need for precise directionality as the in situ tuning capability makes 'personalized fit' possible in the wearer's ear canal.
To control and manipulate nano-electrodeposits and a microdevice's physical properties more precisely, further study is required to allow us to understand how the manufacturing parameters (such as film deposit rate, film thickness, photodissolution time and the amount of deposited silver) influence the physical parameters of the film.
Conclusion
Existing mechanical tuning techniques for MEMS devices have many applications; however, they also carry many limitations which increase operational and manufacturing cost, including the cost of testing and calibration. This study demonstrates tuning performed by growing and retracting nano-electrodeposits on a solid electrolyte layer integrated with the suspended parylene diaphragm of a MEMS microphone.
We have demonstrated that the sensitivity of MEMS microphones can be in situ tuned using growth/retraction of nano-electrodeposits.
The sensitivity tuning results in excellent directionality in multiple microphone hearing aid systems, even for an initial mismatch of 10%. Furthermore, the in situ matching is essential to attain a 'personalized fit' for the user. The technique has potential in other microdevice applications, such as resonant frequency alteration, sensitivity matching and post-packaging trimming. The in situ tuning technique using integrated nano-electrodeposits offers a step toward reducing those postproduction costs and minimizing existing limitations.
